Unifying principles in homodimeric type I photosynthetic reaction centers: Properties of PscB and the FA, FB and FX iron–sulfur clusters in green sulfur bacteria  by Jagannathan, Bharat & Golbeck, John H.
Biochimica et Biophysica Acta 1777 (2008) 1535–1544
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioUnifying principles in homodimeric type I photosynthetic reaction centers:
Properties of PscB and the FA, FB and FX iron–sulfur clusters in green sulfur bacteria
Bharat Jagannathan a, John H. Golbeck a,b,⁎
a Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, PA 16802, USA
b Department of Chemistry, The Pennsylvania State University, University Park, PA 16802, USA⁎ Corresponding author. Department of Biochemistr
Pennsylvania State University, University Park, PA 16802
fax: +1 814 863 7024.
E-mail address: jhg5@psu.edu (J.H. Golbeck).
0005-2728/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bbabio.2008.09.001a b s t r a c ta r t i c l e i n f oArticle history: The photosynthetic reactio
Received 15 July 2008
Received in revised form 29 August 2008
Accepted 3 September 2008





FMO proteinn center from the green sulfur bacterium Chlorobium tepidum (CbRC) was
solubilized from membranes using Triton X-100 and isolated by sucrose density ultra-centrifugation. The
CbRC complexes were subsequently treated with 0.5 M NaCl and ultraﬁltered over a 100 kDa cutoff
membrane. The resulting CbRC cores did not exhibit the low-temperature EPR resonances from FA
− and FB
−
and were unable to reduce NADP+. SDS-PAGE and mass spectrometric analysis showed that the PscB subunit,
which harbors the FA and FB clusters, had become dissociated, and was now present in the ﬁltrate. Attempts
to rebind PscB onto CbRC cores were unsuccessful. Mössbauer spectroscopy showed that recombinant PscB
contains a heterogeneous mixture of [4Fe–4S]2+,1+ and other types of Fe/S clusters tentatively identiﬁed as
[2Fe–2S]2+,1+ clusters and rubredoxin-like Fe3+,2+ centers, and that the [4Fe–4S]2+,1+ clusters which were
present were degraded at high ionic strength. Quantitative analysis conﬁrmed that the amount of iron and
sulﬁde in the recombinant protein was sub-stoichiometric. A heme-staining assay indicated that cytochrome
c551 remained ﬁrmly attached to the CbRC cores. Low-temperature EPR spectroscopy of photoaccumulated
CbRC complexes and CbRC cores showed resonances between g=5.4 and 4.4 assigned to a S=3/2 ground spin
state [4Fe–4S]1+ cluster and at g=1.77 assigned to a S=1/2 ground spin state [4Fe–4S]1+ cluster, both from FX
−.
These results unify the properties of the acceptor side of the Type I homodimeric reaction centers found in
green sulfur bacteria and heliobacteria: in both, the FA and FB iron–sulfur clusters are present on a salt-
dissociable subunit, and FX is present as an interpolypeptide [4Fe–4S]
2+,1+ cluster with a signiﬁcant
population in a S=3/2 ground spin state.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Green sulfur bacteria (Chlorobiaceae) are anaerobic photosynthetic
organisms that are found in sulfur-rich aquatic and terrestrial
environments. They translocate electrons across the membrane at
the expense of light energy using a homodimeric Type I reaction
center (RC), i.e. iron–sulfur clusters serve as the terminal electron
acceptors [1,2]. Green sulfur bacteria contain a large peripheral
antenna structure called the chlorosome, which contains thousands
of bacteriochlorophyll (BChl) c, d and e molecules [3]. The habitats of
green sulfur bacteria necessitate such an extensive antenna system,
which provides a large optical cross section to capture the few
photons available in their ecological niche.
The Chlorobium RC (CbRC) complex is comprised of ﬁve subunits [4],
denoted PscA, PscB, PscC, PscD, and the Fenna–Mathews–Olson (FMO)
protein. The core of the CbRC is comprised of a homodimer of the PscAy and Molecular Biology, The
, USA. Tel.: +1 814 865 1163;
l rights reserved.(82 kDa) subunit, which contains the primary electron donor, P840; the
primary electron acceptor, A0; and the interpolypeptide [4Fe–4S]2+,1+
cluster, FX. Two [4Fe–4S]2+,1+ clusters, FA and FB, serve as the terminal
electron acceptors and are bound to the PscB (23 kDa) subunit. This
protein is functionally analogous to PsaC in Photosystem I (PS I), but it
additionally contains a unique N-terminal extension that is highly
enriched in proline, lysine and alanine residues. The role of this
extension is unknown, although there have been suggestions that it
may interact with ferredoxin on the cytoplasmic side of the membrane
[5]. Each CbRC complex binds two cytochrome subunits (cyt c551)
termed PscC (23 kDa), which function as the immediate electron
donors to P840 [6–8], a pair of BChl a molecules [9]. The BChl a
containing FMO protein (40 kDa) acts as a bridge in transferring the
light energy from the chlorosomes to the RC [10]. FMO normally exists
as a trimer, with each monomer containing 7 BChl a molecules. The
role of the PscD (17 kDa) subunit is uncertain, although a variant of
Chlorobium tepidum that lacks this subunit has a slightly lower rate of
ferredoxin-mediated NADP+ photoreduction compared to the wild-
type and a slower rate of energy transfer from the chlorosomes to the
RC [11]. Alternately, it has been proposed that PscD interacts with
ferredoxin and that it is necessary for efﬁcient energy transfer from the
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information available on the CbRC, although images obtained by
scanning transmission electron microscopy show that PscB, PscD and
the FMO protein share a common binding surface (reviewed in [12]).
According to the currently accepted paradigm, light-induced
electron transfer is initiated by P840, which is named for its peak
absorbance in the near-infrared region. After excitation to the singlet
state, the electron is transferred to A0, a chlorophyll a monomer that
functions as the primary acceptor [13]. The charge-separated state is
stabilized by electron transfer to a series of [4Fe–4S]2+,1+ clusters termed
FX, FA and FB. FX is likely an interpolypeptide [4Fe–4S]2+,1+ cluster ligated
by two cysteine residues from each PscA monomer [5]. FA and FB are
low-potential [4Fe–4S]2+,1+ clusters, one of which binds to a traditional
CxxCxxCxxxCP iron–sulfur cluster binding motif, and the other to a
novel CxxCxxCxxxxxCP iron–sulfur cluster binding motif on the PscB
protein [5]. The participation of a quinone as an electron transfer
intermediate between A0 and FX remains controversial [14–16].
The interpretation of the biochemical and spectroscopic data
obtained on CbRC complexes has relied heavily on analogy with
another well-studied Type I RC, cyanobacterial PS I [17,18]. This has led
to the widespread belief that the similarities between heterodimeric
Type I RCs (such as cyanobacterial and plant PS I) and homodimeric
Type I RCs (such as in green sulfur bacteria and heliobacteria)
outweigh their differences. However, as a result of recent studies of
the heliobacterial RC, this premise is undergoing a critical re-
evaluation. For example, PshB [19], the FA and FB-containing protein
inHeliobacteriummodesticaldum, is loosely bound to the heliobacterial
RC and is dissociated at moderate ionic strength. In contrast, PsaC can
only be removed from cyanobacterial or plant PS I using high
concentrations of chaotropic agents, which results in the degradation
of the Fe/S clusters [20]. Additionally, FX in the heliobacterial RC has
been found to exist in a S=3/2 ground spin state [21], although a
report that FX also has EPR resonances around g=2 [22] may indicate
that the [4Fe–4S]2+,1+ cluster is present as a mixture of interconver-
tible S=1/2 and S=3/2 spin states. In contrast, FX in cyanobacterial and
plant PS I exists in an exclusive S=1/2 ground spin state and is
observed as a set of rhombic resonances around g=2 [23]. The
available information on the FA/FB-containing protein and the FX
cluster in different Type I RCs is summarized in Table 1.
Based on the new ﬁndings in the heliobacterial RC, we re-examined
the properties of the homodimeric Type I RC from C. tepidum. Our
results indicate that similar to PshB in H. modesticaldum, PscB can be
dissociated from the CbRC by treatmentwith 0.5MNaCl. Also similar to
FX in H. modesticaldum, FX in the CbRC exhibits low-ﬁeld resonances
around g=5, as well as high ﬁeld resonances around g=2, which is
consistent with the presence of an interpolypeptide [4Fe–4S]2+,1+
cluster in a mixture of S=3/2 and S=1/2 ground spin states.Table 1
Summary of available experimental ﬁndings regarding the FX cluster and the FA/FB-



















Heliobacterial RC PshB 0.1 M NaCl
causes
dissociation
Yes Mixture of S=3/2
and S=1/2
Chlorobium RC PscB 0.5 M NaCl
causes
dissociationb
Nob Mixture of S=3/2
and S=1/2b
a Electron ﬂow to the FA and FB clusters can be restored by adding chemically
reconstituted, recombinant protein to the RC core complexes that lack the native
FA/FB-containing protein.
b Results obtained from this study.2. Materials and methods
2.1. Isolation of CbRCs and preparation of CbRC core complexes
Cell cultures of C. tepidum were grown in 2-L screw-cap bottles in
modiﬁed Pfennig medium [24] at 42 °C for six days. Banks of eight
ﬂuorescent bulbs provided white light illumination. The mediumwas
autoclaved and placed in an anaerobic chamber with an atmosphere
of 10% hydrogen and 90% nitrogen (Coy Labs, Grass Lake, MI) until it
was devoid of oxygen as indicated by the color of resazurin, an oxygen
reporter dye in the media. Resazurin is colorless under anaerobic
conditions and turns pink in the presence of oxygen, thus making it a
useful dye to test for the presence of oxygen in themedia. Themedium
was inoculated with a 10 ml starter culture that was initially grown
after reviving a frozen glycerol stock of C. tepidum cells.
All puriﬁcation manipulations were performed inside the anaero-
bic chamber. The glassware and centrifuge bottles were kept in the
chamber for 48 h before use, thereby ensuring their anaerobicity.
Centrifugation was carried out outside the chamber using polycarbo-
nate tubes that were ﬁlled and sealed with airtight caps inside the
chamber. The cells were harvested by centrifugation at 10,000×g for
15 min, washed with 50 mM Tris–HCl, pH 8.3 (Tris buffer) and
centrifuged at 10,000×g for 15min. The cell pellet was resuspended in
Tris buffer, ﬂash frozen to 77 K and stored at −80 °C until further use.
The frozen cells were thawed and incubated with lysozyme at a
ﬁnal concentration of 2 mg/ml for 30 min at room temperature. The
cells were lysed by sonication and the chlorosome-containing
membranes were pelleted by centrifugation at 200,000×g. The
membranes were solubilized with 1% Triton X-100 for 60 min on
ice. The suspension was centrifuged at 200,000× g to remove
chlorosome fragments, which were recovered in the pellet. The
supernatant, which contained the CbRC complex, was loaded onto a 10
to 50% sucrose gradient and ultracentrifuged at 28,000 rpm in a SW-
28 rotor for 16 h. The dark green band collected from the sucrose
gradient was diluted with Tris buffer and ultraﬁltered over a 30 kDa
molecular weight cutoff membrane (YM30, Millipore) to remove the
sucrose. An absorption spectrumwas taken at each puriﬁcation step to
verify the integrity of the procedure. The CbRC complexes were ﬂash
frozen to 77 K after the addition of 20% glycerol as a cryo-protectant
and stored at −80 °C.
To prepare CbRC cores, the CbRC complexes were stirred at room
temperaturewith 0.5MNaCl for 30min inside the anaerobic chamber.
The suspension was diluted with a ten-fold excess of Tris buffer and
ultraﬁltered over a 100 kDa molecular weight cutoff membrane
(YM100, Millipore). This process was repeated twice to reduce the
NaCl concentration in the retentate to 5 mM. The retentate, which
contains the CbRC cores, and the ﬁltrate, which contains the PscB
protein, were ﬂash frozen after adding 20% glycerol and stored at
−80 °C.
2.2. Puriﬁcation and reconstitution of recombinant PscB
The pscB gene expression construct from Chlorobium vibrioforme
was obtained as a gift from Henrik Scheller (U. of Copenhagen), and
the pscB gene expression construct from Chlorobium limicola f.sp.
thiosulfatophilum was obtained as a gift from Günter Hauska (U. of
Regensburg). The pscB gene expression construct from C. tepidumwas
generated in-house. Chromosomal DNA was isolated from C. tepidum
using a previously published protocol [25]. The DNA fragment
containing the pscB gene was ampliﬁed by PCR using the C. tepidum
chromosomal DNA as template and PCR primers, which were
designed on the basis of the sequence of the pscB gene. NdeI and
BamHI sites were created in the 5′ DNA oligo and the 3′ DNA oligo,
respectively. The pscB amplicon was puriﬁed, digested with NdeI and
BamHI and cloned into the NdeI and BamHI sites of the pET3a
expression vector. The pET3a-pscB was veriﬁed by DNA sequencing.
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cells. The apoproteins were expressed and puriﬁed using a procedure
similar to that used for recombinant PsaC from PS I [26]. The iron–
sulfur clusters in PscB were reconstituted using inorganic reagents as
previously described [27]. The amount of protein-bound iron and
sulﬁde was estimated using previously described methods [28,29].
Quantitative amino acid analyses of the recombinant PscB proteins
were carried out at the University of Iowa.
2.3. Heme staining of cytochrome c551
Heme staining of proteins separated by SDS-PAGE was performed
using 3′,3′,5′,5′ tetramethylbenzidine (TMBZ) and H2O2 as previously
described [30].
2.4. Steady-state rates of NADP+ photoreduction
Steady-state rates of ferredoxin-mediated NADP+ photoreduction
were measured in a 2.5 ml reaction mixture containing CbRC
complexes or CbRC cores (A810=0.4–0.5), Tris buffer, 10 mM MgCl2,
30 mM NaCl, 1 mM NADP+, 200 nM spinach FNR, 10 μM spinach
ferredoxin, 10 mM sodium ascorbate and 100 μM phenazine
methosulfate. The ferredoxin and FNR were isolated from spinach
using published procedures [31,32]. The reduction of NADP+ was
monitored at 340 nm using a Cary 50 Bio UV–Visible spectro-
photometer with appropriate blocking ﬁlters for the actinic and
measuring beams. The actinic illumination was provided by a
tungsten-halogen lamp (Oriel Corp., Stamford, CT).
2.5. Low-temperature X-band EPR spectroscopy
Low-temperature EPR spectroscopywas performed using a Bruker-
ECS 106 X-band spectrometer equipped with an Oxford liquid helium
cryostat and temperature controller. The spectrometer conditions
were: microwave power, 126 mW; microwave frequency 9.47 GHz;
receiver gain, 20,000; modulation amplitude, 20 G at 100 kHz. The
signal to noise ratio was improved by averaging 8 scans.
All samples that were assayed for light-induced electron transfer
contained 10 mM sodium ascorbate and 300 μM phenazine metho-
sulfate as external electron donor and mediator, respectively. Samples
were exchanged into 100 mM glycine buffer at pH 10.0 and chemically
reduced using 10 mM sodium hydrosulﬁte. The samples were
illuminated at 200 K in an ethanol–dry ice bath for 15 min using an
argon ion laser, which was operated at 2.5 W in all-lines mode. This
procedure results in the photoaccumulation of two or more electrons
in the terminal acceptors. The EPR tube was ﬁtted with a vacuum
adaptor during illumination to retain an anaerobic environment. The
EPR tube was frozen to 77 K under illumination using a transparent
glass dewar and transferred to the EPR resonator. In all cases, the dark
spectrum (sample frozen in darkness) was subtracted from the light-
induced spectrum to yield a light-induced difference spectrum.
2.6. Time-resolved optical spectroscopy in the visible and near-IR region
The photobleaching of P840 was measured by monitoring the
ﬂash-induced absorbance after a laser ﬂash. The sample was probed
with a continuous measuring beam at 845 nm isolated from a 150 W
tungsten-halogen lamp with a 1/4 meter monochromator. A shutter
allowed the measuring beam to monitor the sample 10 ms prior to
the laser ﬂash. The monitoring beam was detected using a reverse-
biased Si photodiode that was shielded from stray light with a
suitable interference ﬁlter. The signal from the photodiode was
ampliﬁed by a Tektronix AM502 differential ampliﬁer and digitized
using a DSA601 Tektronix digital oscilloscope. The data was sent to a
Macintosh computer via an IEEE-488 bus (National Instruments,
Austin, TX) and displayed using laboratory-written software. Theelectronic bandwidth of the detection system was ﬁxed at 1 MHz.
The sample was excited by a Nd-YAG laser operating in the second
harmonic (λ=532 nm) with a 7 ns pulse duration and an energy of
∼2 mJ/cm2. Typically 32 transients were recorded and averaged. The
samples were placed in a quartz anaerobic cuvette with a path length
of 10 mm. The samples were in Tris buffer at an absorbance of 0.5 OD
at 845 nm. The kinetic traces were analyzed by ﬁtting a multi-
exponential decay using the Marquardt least-squares algorithm (Igor
Pro, Lake Oswego, OR).
2.7. Mössbauer spectroscopy
Mössbauer spectra were recorded on a spectrometer from WEB
Research (Edina, MN) operating in the constant acceleration mode in
transmission geometry. The spectra were recorded with the tempera-
ture of the sample at 4.2 K, maintained with a liquid helium cryostat.
An external magnetic ﬁeld of 53 mT was applied parallel to the
incident γ-radiation. The isomer shifts quoted are relative to the
centroid of the spectrum of a metallic foil of Fe at room temperature.
Data analysis was performed using WMOSS from WEB Research.
3. Results
3.1. Isolation of CbRC complexes from C. tepidum
All procedures, including the growth of the organism, the isolation
of CbRC complexes and CbRC cores, and the spectroscopic character-
ization of the FX, FA and FB clusters, were carried out under anaerobic
conditions (b5 parts per million oxygen). Triton X-100 solubilized
membranes from C. tepidum sediment as two distinct bands on a 10 to
50% sucrose density gradient: a brown band near the top and a dark
green band in the middle with a lighter green region immediately
below it. The brown band contained residual BChl c from the
chlorosomes, some of which had been degraded to bacteriopheo-
phytin c. The absorption spectra of the dark green band and the light
green region are similar to previously published spectra of isolated RC
complexes from C. limicola [33].
A silver-stained SDS-PAGE gel of the dark green band (not shown)
indicated the presence of ﬁve subunits that had been previously
attributed to the CbRC: 65 kDa (PscA), 31 kDa (PscB), 24 kDa (PscC),
17 kDa (PscD) and 40 kDa (FMO protein). This preparation, which
contains the FA/FB-containing PscB protein, is termed the CbRC
complex. SDS-PAGE showed the presence of a number of additional
contaminating proteins due to the omission of the commonly used
anion-exchange chromatography step and the high sensitivity of the
silver staining procedure.
3.2. Preparation of CbRC cores from C. tepidum
The CbRC complexes were treated for 30 min with 0.5 M NaCl and
ultraﬁltered over a 100 kDa cutoff membrane. The absorption
spectrum of the retentate was identical to that of the original dark
green band, and the ﬂow-through was colorless, indicating that all the
pigments remain associated with the CbRC. However, a silver-stained
SDS-PAGE gel of the ﬂow-through showed a prominent band with an
apparent mass of around 30 kDa. The exact mass was determined by
matrix assisted laser desorption mass spectrometery to be 23,345 Da,
which is similar to the predicted mass of 23,357 Da for PscB. The
difference between the predicted and observed masses of PscB is
within the 0.1% tolerance limit of these measurements. A heme-
staining assay of the ﬂow-through was negative, consistent with the
known tight binding of the PscC subunit. Several additional minor
bands appeared on the silver-stained SDS-PAGE gel of the ﬂow-
through, but none correspond to any known subunit of the CbRC. The
retentate, which lacks the FA/FB-containing PscB protein, is termed the
CbRC core.
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Fig. 1A shows the low-temperature EPR spectrum of the isolated
CbRC complexes. After illumination at 200 K for 15 min and
subsequent freezing to 15 K, two electrons are accumulated in the
bound iron–sulfur clusters. This results in a so-called interactionFig. 1. EPR spectra of (A) isolated CbRC complexes and (B) CbRC cores from C. tepidum. The
electron donor and mediator, respectively. The samples were illuminated at 200 K in an etha
depicted are the difference between the illuminated and dark-adapted samples. Spectrom
receiver gain, 20,000. The isotropic signal due to P840+ at g=2.00 is distorted due to the low
clusters.spectrum of FA−/FB−, showing apparent g-values of 2.04, 1.94, 1.91 and
1.88. These resonances disappear when the temperature is raised
above 25 K, a behavior characteristic of [4Fe–4S]1+ clusters. Fig. 1B
shows the low-temperature EPR spectrum of the CbRC cores. In spite
of identical illumination conditions, the resonances due to FA−/FB– are
almost entirely absent. This is consistent with the removal of the PscBsamples contained 10 mM sodium ascorbate and 300 μM phenazine methosulfate as
nol–dry ice bath for 15 min using an argon ion laser and ﬂash frozen to 77 K. The spectra
eter conditions: temperature, 15 K; power, 126 mW; microwave frequency, 9.47 GHz;
temperature and high modulation amplitude required to detect the bound iron–sulfur
Fig. 2. EPR spectrum of chemically reduced recombinant PscB from C. vibrioforme. The
puriﬁed apoproteinwas reconstituted with Fe/S clusters using the protocol described in
Materials and methods. The sample was reduced with 10 mM sodium hydrosulﬁte in
100 mM glycine (pH 10.0) buffer. Spectrometer conditions: temperature, 15 K; power,
126 mW; microwave frequency, 9.47 GHz; receiver gain, 2000.
Fig. 3.Mössbauer spectrum of recombinant PscB from C. vibrioforme reconstituted with
57FeCl3 in the oxidized form, recorded at 4.2 K. An external magnetic ﬁeld of 53 mT was
applied parallel to the incident γ-radiation. The three observed quadrupole doublets
can be assigned to the following species: [4Fe–4S]2+, 1+ clusters with δ=0.44 mm/s,
ΔEQ=1.15 mm/s, relative intensity=35%; [2Fe–2S]2+, 1+ clusters with δ=0.28 mm/s,
ΔEQ=0.53 mm/s, relative intensity=50%; rubredoxin-like Fe3+,2+ centers with
δ=0.73 mm/s, ΔEQ=3.36 mm/s, relative intensity= 15%.
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cores retain the isotropic resonance at g=2 characteristic of photo-
oxidized P840+ (Fig. 1B), which indicates that in the absence of FA and
FB, relatively long-lived charge separation takes place to an earlier
electron acceptor.
CbRC complexes support a light-induced steady-state rate of
ferredoxin-mediated NADP+ reduction of 175 μmol mg BChl−1 h−1. In
contrast, CbRC cores support a rate of only ∼10 μmol mg BChl−1 h−1.
The low throughput of electrons correlates with the absence of PscB,
and is consistent with the requirement of the FA and FB clusters to
mediate electron transfer to ferredoxin.
3.4. Attempts to reconstitute PscB with two [4Fe–4S]2+,1+ clusters
The ﬁltrate from the salt-washed CbRC complexes contains the
PscB protein. When concentrated and added back to CbRC cores, the
steady-state rate of NADP+ reduction remained unchanged at
∼10 μmol mg BChl−1 h−1. In the event that FA and FB were damaged,
an attempt was made to reconstitute the iron–sulfur clusters by
incubating the ﬁltrate with inorganic reagents. However, when the
treated ﬁltrate was added back to CbRC cores, there was no
improvement in the steady-state rate of NADP+ reduction and no
observation of light-induced resonances from FA− or FB−. One possible
reason for the failure might be the low concentration of the PscB
protein in the ﬁltrate and the requirement for a N1:1 ratio of PscB to
CbRC cores for rebinding.
The amino acid sequences of PscB from different Chlorobium
species are highly similar. The amino acid sequence of the C-terminus
of PscB, which contains the FA/FB binding motifs, in C. tepidum is 95%
identical (5 replacements in a total of 98 residues) to that of C.
vibrioforme and is 98% identical (2 replacements in a total of 98
residues) to that of C. limicola. The only differences in the N-termini of
PscB in the three species arise from minor rearrangements of the
lysine, alanine and proline residues. Based on the sequence similarity
among PscB proteins of different species, and on our experience with
PS I, in which recombinant PsaC from any cyanobacterial or plant
species is able to rebind to PS I cores from any cyanobacterial or plant
species [34], recombinant PscB from C. tepidum, C. vibrioforme and C.
limicola was expressed in E. coli, and the iron–sulfur clusters were
reconstituted with inorganic reagents. Iron and sulﬁde analyses of thereconstituted PscB proteins yielded 6.2±0.2 irons and 6.1±0.3 sulﬁdes
per polypeptide, which is signiﬁcantly lower than the 8±0.2 irons and
8±0.2 sulﬁdes typically measured for reconstituted PsaC [35]. After
chemical reduction, the low-temperature EPR spectra of all three
recombinant PscB proteins were found to be identically axially
symmetric, with resonances at apparent g-values of 2.04 and 1.93.
The representative EPR spectrum of recombinant PscB from C.
vibrioforme is shown in Fig. 2. The identical EPR spectra indicate that
the environment around the reconstituted Fe/S clusters in recombi-
nant PscB is very similar in all three Chlorobium species. No resonances
were found between 5 and 300 mT, thereby ruling out the presence of
a [4Fe–4S]1+ cluster with a S=3/2 ground spin state. The axial spectra
of recombinant PscB superﬁcially resemble iron–sulfur proteins that
contain only a single iron–sulfur cluster and are signiﬁcantly different
from those of unbound PsaC from cyanobacteria [23] and unbound
PshB from H. modesticaldum [19], both of which show a complex set of
resonances as the result of magnetic interaction between the two
closely-spaced (S=1/2) [4Fe–4S]1+ clusters. In an attempt to recon-
stitute electron transfer, recombinant PscB was added back to CbRC
cores in 100-fold molar excess. However, the rate of NADP+ reduction
remained at ∼10 μmol mg BChl−1 h−1, and the light-induced EPR
resonances from FA− or FB− were not observed. Thus, neither the salt-
removed nor the recombinant PscB protein restored function after
attempted reconstitution of the Fe/S clusters and rebinding to CbRC
cores. This behavior is unlike recombinant PsaC [34] and recombinant
PshB [36], which restore electron transfer to FA and FB when added
back to PS I and heliobacterial RC cores, respectively.
3.5. Mössbauer spectroscopic studies of the reconstituted PscB protein
One possible reason for the failure to rebind PscB onto CbRC cores is
that the two [4Fe–4S]2+,1+ clusters may not have been inserted
correctly into the PscB apoproteins. Indeed, the presence of 6.2±0.2
irons and 6.1±0.3 sulﬁdes per polypeptide is consistent with the
inability of PscB to homogeneously incorporate two [4Fe–4S] clusters.
The Mössbauer spectrum of the PscB protein from C. vibrioforme
reconstituted with 57Fe showed the presence of three quadruple
doublets (Fig. 3), corresponding to a mixture of [4Fe–4S]2+,1+
clusters (isomer shift δ=0.44 mm/s, quadrupole splitting parameter
ΔEQ=1.15 mm/s, relative intensity=35%), and other types of Fe/S
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ΔEQ=0.53 mm/s, relative intensity=50%) and rubredoxin-like Fe3+,2+
centers (δ=0.73 mm/s, ΔEQ=3.36 mm/s, relative intensity=15%).
When the reconstituted PscB protein was treated for 30 min with
0.5 M NaCl, the [4Fe–4S]2+,1+ clusters were found to be completely
absent and the protein contained an equal proportion of Fe/S clusters
tentatively identiﬁed as [2Fe–2S]2+,1+ clusters and rubredoxin-like
Fe3+,2+ centers (data not shown). Thus, unlike bacterial-like dicluster
ferredoxins such as PshB and PsaC, the [4Fe–4S]2+,1+ clusters are not
quantitatively re-inserted into PscB in vitro. A variant of the
recombinant PscB protein that lacks the N-terminus also showed a
heterogeneous mixture of iron–sulfur clusters (data not shown),
thereby ruling out the possibility that the unusually long N-terminal
segment of proline, lysine and alanine residues interferes with the
cluster insertion and/or protein refolding process. A PscB variant was
also generated in which two amino acids in the unusual motif were
deleted, converting it into a traditional CxxCxxCxxxCP motif. The
EPR spectrum, however, remained axial, with no sign of two
interacting [4Fe–4S]1+ clusters.Fig. 4. Flash-induced absorption changes of P840+ reduction monitored at 845 nm: (A) D
from C. tepidum. The optical absorbance at 845 nm was 0.5 OD. Both samples contained
mediator, respectively. Both the samples were normalized to BChl a concentration, enabli
CbRC complexes and the CbRC cores.3.6. The lifetime of the charge-separated state in CbRC cores
In Chlorobium RCs, P840+ is reduced by rapid forward electron
donation from the bound cyt c551 subunits. In CbRC complexes from
C. tepidum, the reduction of ﬂash-induced P840+ is biphasic (Fig. 4A)
with lifetimes of 90 μs (65%) and 10 μs (25%). About 10% of the
absorbance change recovers at a signiﬁcantly slower rate, indicating
either the loss of electrons on the acceptor side or the dissociation of
the cytochrome subunit on the donor side. In CbRC cores, the
amplitude of the absorbance change attributed to P840 oxidation is
30% lower, and the reduction of P840+ is monophasic with a lifetime of
10 μs (Fig. 4B). Thus, the CbRC remains active after the removal of the
PscB subunit, albeit with a change in the kinetics of P840+ reduction
that was not explored further. The presence of the fast, 10 μs kinetic
phase of P840+ reduction makes it difﬁcult to detect the slower charge
recombination between the terminal electron acceptor and P840+
using time-resolved optical spectroscopy. We therefore turned to low-
temperature EPR spectroscopy to characterize the terminal electron
acceptor in the CbRC cores.ecay kinetics of CbRC complexes from C. tepidum. (B) Decay kinetics of CbRC cores
10 mM sodium ascorbate and 50 μM phenazine methosulfate as electron donor and
ng a direct comparison of the amplitudes of photobleaching at 845 nm between the
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S=3/2 ground spin state
Previous attempts to measure the EPR spectrum of FX in CbRC
complexes have focused on ﬁnding additional light-induced reso-Fig. 5. Low-ﬁeld EPR spectra of (A) isolated CbRC complexes and (B) CbRC cores from C. tepidu
glycine (pH 10.0) buffer. The CbRC cores contained 10 mM sodium ascorbate and 300 μM ph
illuminated at 200 K in an ethanol–dry ice bath for 15 min using an argon ion laser and th
microwave frequency, 9.47 GHz; receiver gain, 20,000. The resonances at g=10.4 and g=3.4nances in the g=2 region after chemical pre-reduction of the FA and FB
clusters with sodium hydrosulﬁte. While this protocol has been
successful at uncovering an additional feature at g=1.77 attributed to
FX−, the spin concentration never approached that of FA−/FB− [18].
Recently, we showed that FX− in the homodimeric Type I RC core fromm. The CbRC complexes were pre-reduced with 10 mM sodium hydrosulﬁte in 100 mM
enazine methosulfate as electron donor and mediator, respectively. The samples were
en ﬂash frozen to 77 K. Spectrometer conditions: temperature, 4.3 K; power, 126 mW;
(in CbRCs and CbRC cores) and g=2.03 (in CbRC cores) are unassigned.
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from a S=3/2 ground spin state [4Fe–4S]2+,1+ cluster [21]. This led us to
re-examine the EPR spectroscopic properties of the FX cluster in the
CbRC.
CbRC complexes were pre-treated with 10 mM sodium hydro-
sulﬁte at pH 10.0 to chemically reduce FA and FB, and illuminated for
15 min at 200 K to photoaccumulate FX−. When measured at a
temperature of 4.3 K, the EPR spectrum depicted resonances
between 310 and 380 mT that arise from the magnetic interaction
of reduced FA− and FB− (Fig. 5A). A weak resonance is also discernible
at g=1.77, which was previously attributed to FX− [17,18]. Addition-
ally, a set of relatively intense light-induced resonances are located
downﬁeld between 120 and 220 mT. The broad signal between
g=5.4 and 4.4 resembles that of FX− in the heliobacterial RC (21),
which is a [4Fe–4S]2+,1+ cluster in a S=3/2 ground spin state. In the
CbRC complexes, the signals between g=5.4 and 4.4 disappear as the
temperature is raised to 10 K. It is likely that similar to heliobacterial
FX, these resonances arise due to the ground Kramer's doublet of the
S=3/2 manifold with a rhombicity, E/D∼0.2.
In the CbRC cores, light-induced charge separation is expected to
occur between P840 and FX. Because CbRC cores do not contain FA and
FB, and hence, do not require pre-reduction, sodium ascorbate was
used as the reductant. Here, the sameweak resonance was discernible
at g=1.77 and the same low-ﬁeld resonances between g=5.4 and 4.4
were present (Fig. 5B). Both features exhibited the same temperature
dependencies as in intact CbRC complexes.
It therefore appears that reduced FX exists in a mixed population of
S=3/2 and S=1/2 ground spin states, with the former giving rise to the
strong EPR resonances between g=5.4 to 4.4 and the latter giving rise
to the weak EPR resonance at g=1.77.
4. Discussion
4.1. The PscB subunit is salt-dissociable from the CbRC complex
The ﬁrst indication that PscB may be a salt-dissociable subunit in
the CbRC complex was noted when the dark green band on the
sucrose density gradient was examined after puriﬁcation by DEAE
anion-exchange chromatography. Although the resulting CbRC com-
plexes were free of contaminating proteins, the EPR resonances from
FA− and FB− were nearly absent, and the steady-state rates of NADP+
reduction were extremely low. Prior to the anion-exchange chroma-
tography step, the CbRC complexes contained a number of additional,
contaminating proteins, but the EPR resonances from FA/FB− were
intense and the steady-state rates of NADP+ reduction were high. The
reason for this difference is that the PscB protein, which contains the
FA and FB iron–sulfur clusters, becomes dissociated from the CbRC
complex under conditions of moderate ionic strength. This behavior
is reminiscent of the homodimeric Type I RC from H. modesticaldum,
in which the FA/FB-containing PshB subunit is dissociated in the
presence of 0.1 M NaCl [19]. It differs from cyanobacterial PS I, in
which the FA/FB-containing PsaC subunit is dissociated only by
adding high concentrations of chaotropic agents, such as 6.8 M urea
[20]. The FA and FB clusters in PsaC are subsequently denatured,
leading to the loss of the three-dimensional structure of PsaC, which
may be the primary reason for its dissociation from the PsaA/PsaB
heterodimer. None of the other known subunits dissociate from the
CbRC complex at high ionic strength.
4.2. The [4Fe–4S] clusters cannot be inserted quantitatively into PscB
in vitro
The inability of PscB to rebind to the CbRC cores was unexpected,
given that unbound PshB and unbound PsaC rebind to heliobacterial
RC cores and PS I cores, respectively. When the FA and FB clusters are
present, the PsaC subunit has a well-deﬁned three-dimensionalstructure in both the bound and unbound forms. Although there are
a number of structural differences between the bound and unbound
forms, particularly at the N- and the C-terminus, the region around the
[4Fe–4S]2+,1+ clusters is relatively rigid [37]. This is consistent with
Mössbauer studies of unbound PsaC, which shows that nearly 85% of
all the iron is associated with the two stable [4Fe–4S]2+,1+ clusters [35].
Many low molecular weight, dicluster ferredoxins are similarly
capable of incorporating [4Fe–4S]2+,1+ clusters in vitro and refolding
to their native structure.
In contrast, Mössbauer studies of PscB show that reconstituted
PscB contains a heterogeneous mixture of [4Fe–4S]2+,1+ clusters and
other types of Fe/S clusters tentatively identiﬁed as [2Fe–2S]2+,1+
clusters and rubredoxin-like Fe3+,2+ centers. The complete absence of
[4Fe–4S]2+,1+ clusters in recombinant PscB after exposure to 0.5 M
NaCl indicates that the iron–sulfur clusters are sensitive to the ionic
strength of the solution. The identical EPR spectra of recombinant
holo-PscB from three different Chlorobium species suggests that
none are capable of incorporating a homogeneous population of
[4Fe–4S]2+,1+ clusters in the binding sites.
4.3. FX is a [4Fe–4S]
2+,1+ cluster with a population in a S=3/2 ground
spin state
Prior efforts to detect the FX− cluster in CbRC complexes focused on
the detection of resonances in the g=2 regionwhich come about from
an S=1/2 ground spin state [17,18]. In this work, the sample was
scanned from 5 to 400 mT to search for additional signals, and
relatively intense low-ﬁeld resonances were located between g=5.4
and 4.4. Based on the similarity of the resonances between g=5.4 and
4.4 in CbRC complexes and CbRC cores with the comparable signals in
heliobacterial RCs and cores, we propose that a signiﬁcant population
of FX in Chlorobium exists in a S=3/2 ground spin state. A smaller
population of FX in a S=1/2 ground spin state gives rise to the
previously reported resonance at g=1.77. It is interesting that the
interpolypeptide [4Fe–4S]2+,1+ cluster bound to a homodimer of 2-
hydroxyglutaryl CoA dehydratase is found in a S=3/2 ground spin
state [38] and the interpolypeptide [4Fe–4S]2+,1+ cluster bound to a
homodimer of the of the Azotobacter vindelandii Fe protein is present
as a mixture of S=1/2 and S=3/2 ground spin states [39]. The relative
proportions of the S=1/2 and S=3/2 forms in the latter protein
depend on the solution properties: addition of 50% ethylene glycol
favors the S=1/2 ground state, whereas the addition of 0.4 M urea
favors the S=3/2 ground state [39]. It has been suggested that
different solvents might cause the [4Fe–4S]2+,1+ cluster to adopt
different conformations with altered ground spin states [40]. This
model is supported by the X-ray crystal structure of the protein [41],
which shows that the iron–sulfur cluster is solvent-accessible. In
contrast, the addition of 50% glycerol had no effect on the EPR
spectrum of FX in the CbRC (data not shown), nor did it for FX in the
heliobacterial RC. Based on analogy with PS I, the FX cluster is
thought to be inaccessible to the solvent. However, the relative
intensities of the resonances between g=5.4 and 4.4 and at g=1.77
seem to vary between different EPR samples prepared from the same
CbRC preparation, which could be an indication of a change in the
relative proportions of the S=3/2 and S=1/2 ground spin states. It is
difﬁcult to quantitate the absolute contribution of the two spin
states, given their weak signals and broad linewidths. The very small
difference in the energy levels of the two ground spin states is likely
responsible for the facile transition between spin states. The sample
conditions that favor a particular ground spin state have not been
explored, but it is interesting that two different samples prepared
under similar conditions from the same CbRC stock solution exhibit
different relative intensities of the g∼5 and g∼2 resonances.
Although the factors that force the coupling of the ferrous and ferric
ions in cubane clusters into a particular spin state are not completely
understood, the highly symmetrical environment surrounding an
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fail to form an exclusive S=1/2 ground spin state. This is now
apparently the case for the FX cluster in the CbRC and the
heliobacterial RC, both of which exist in a mixed population of
S=3/2 and S=1/2 ground spin states.
5. Conclusions
This study explains theweak EPR resonances from FA− and FB− aswell
as FX− that were observed by Vassiliev and co-workers in their studies of
C. tepidum reaction centers [18]. The application of anion-exchange
chromatography, and the use of 150 mM NaCl in the puriﬁcation
procedure, would have led to the dissociation of a population of PscB
fromCbRC complexes, resulting in aweak set of EPR resonances from FA−
and FB−. Further, the resonance at g=1.77 from FX would be difﬁcult to
detect because the interpolypeptide [4Fe–4S]2+,1+ cluster does not exist
in a pure S=1/2 ground spin state. The results from this study unify the
properties of the acceptor side of the Type I homodimeric reaction
centers found in green sulfur bacteria and heliobacteria: in both
instances, the FA and FB iron–sulfur clusters are present on a subunit
that can be dissociated at moderate to high ionic strength, and FX is
present as a [4Fe–4S]2+,1+ clusterwith a signiﬁcant population in a S=3/2
ground spin state.
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